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STUDIES OF MANUAL CONTROL SYSTEMS 

I. INTRODUCTION 

T h i s  r e p o r t  is  for the  f i r s t  q u a r t e r  of the  second year  of work 
on Contrzct NASw-668. During t h i s  second year of the con t r ac t  
w e  are focusing on two p r inc ipa l  tasks: (1) i n v z s t i g a t i o n  of 
computer f a c i l i t i e s  f o r  ana lys i s  and modelling ur" the  r e s u l t s  
of t r ack ing  experiments; and, (2 )  i n v e s t i g a t i o n s  of t h e  mul t i -  
v a r i a b l e  con t ro l  c h a r a c t e r i s t i c s  of the human operator .  

During t h i s  first q u a r t e r  we have concontrated on the f i rs t  of 
these two tasks .  W e  have devoted almost a l l  of our e f f o r t  t o  
the design and programming of  a system which w e  c a l l  S igna l  
Analyzer I. 
s i g n a l s  and i d e n t i f y i n g  the dynamfc c h a r a c t e r i s t i c s  of t h e  
elements of manual con t ro l  systems. Signal  Analyzer I i s  an 
improved, augmented vers ion  of the mul t ip l e  r eg res s ion  a n a l y s i s  
system t h a t  we have been using f o r  s e v e r a l  years, which was 
developed i n i t i a l l y  under Contract NASw-185 and Contract 
AF33(657)10124. 

It i s  abJgita1 computer system for analyzing t h e  

T h i s  progress  r e p o r t  w i l l  be devoted t o  a d e s c r i p t i o n  and d i s -  
cussion of S igna l  Analyzer I. F i r s t  we p resen t  an  ope ra t iona l  
d e s c r i p t i o n  of the system, tha t  is ,  a d e s c r i p t i o n  of the system 
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from the  po in t  of view of the  u se r .  Then w e  w i l l  d i scuss  i n  
some d e t a i l  the organizat ion of the  system and some of t he  
p r i n c i p a l  programs tha t  c o n s t i t u t e  it. 
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11. OPERATION OF SIGNAL ANALYZER I 

Signal  Analyzer I is  a system of programs w r i t t e n  f o r  t he  BBN 
PDP-1 computer. The key task  of Signal  Analyzer I i s  t o  de t e r -  1 
mine the descr ibing funct ions of the human operator  and o ther  ’ 

elements of a con t ro l  system, according t o  the  mul t ip le  l i n e a r  
r eg res s ion  ana lys i s  paradigm developed by Elkind e t  a 1 . l  I n  
s o  doing, i t  can a l s o  determine the c h a r a c t e r i s t i c s  of t he  
s i g n a l s  f lowing  i n  such a control  system and provide t i m e  o r  
frequency displays of them i n  much the  same way as an o s c i l l o -  
scope o r  a spectrum analyzer would. 

The system is  b u i l t  around the bas i c  philosophy of providing 
c l o s e  communication between the  computer and the  experimenter. 
Thus, the  experimenter is given many oppor tuni t ies  t o  e n t e r  
t h e  system t o  check par t ia l  r e s u l t s ,  change t h e  parameters of 
the a n a l y s i s ,  make decis ions,  examine the  r e s u l t s  i n  var ious 
ways, and s e t  up the  next  run of the  ana lys i s  process us ing  
the modif icat ions suggested by h i s  previous i n t e r a c t i o n  w i t h  
the system. 

Communication i s  handled by means of typeouts  i n  t h e  form of 
quest ions t o  be answered by the  experimenter,  o r ,  i n  more 
complicated s i t u a t i o n s ,  by means of v i sua l  displays,  which 
enable  decis ions t o  be made by point ing an arrow t o  t h e  
desired command and introducing the  des i red  changes by means 
of t he  typewri ter .  

3 
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In the following sections, a brief summary of the modelling 
technique used is given first, followed by a detailed descrip- 
tion of the system from the point of view of the operator. 

A. MODELLING TECHNIQUE 

Consider the control system as represented in Fig. 1. It is 
desired to model or describe the human operator's transfer 
characteristics. The multiple regression analysis paradigm 
represented in Fig. 2 will be used to obtain this description. 

In this model, the human pilot's impulse response is approxi- 
mated by a finite series of orthonormal functions, @, whose 
Coefficients, b, are determined so that the output of the model, 
z, differs the least from the human pilot's response, y, in a 
mean square error sense. As it can be readily found, the co- 

efficients b .(which are regression coefficients), are given by 
the matrix equation 

where A is the covariance matrix of the filter outputs, zi, and 
y is the covariance vector of the human pilot's response with 
the filter outputs. The elements of and y are usually com- 
puted by taking the time averages of z z and ziy, respectively. 

i j  

The orthonormal functions used are the exponentials described 
by Huggins.' 
real axis poles are allowed, they nevertheless provide very 
good approximations to characteristics of the human pilot. 

While in the present version of the system only 
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T h e  power s p e c t r a  of s igna l s  can be determined us ing  t h i s  same 
b a s i c  technique. A complete d e s c r i p t i o n  of t h e  method i s  g iven  
by Elkind e t  a l .  1, 3 

B. OPERATIONAL DESCRIPTION 

I n  t h i s  s e c t i o n  we at tempt  t o  convey t o  the reader the  impres- 
s i o n  t h a t  he i s  a c t u a l l y  t h e  experimenter conducting a simula- 
t i o n  s tudy  of a human p i l o t  c o n t r o l l i n g  a space vehic le .  We 
t ake  you -- t he  reader  -- on a "simulated v i s i t "  to the  com- 
p u t e r  room a t  BBN, where we g i v e  you a demonstration of S igna l  
Analyzer I and expla in  how it i s  used t o  ar,alyze the r e s u l t s  
of an experiment. 

You have been here, i n  the computer room, f o r  about one-half 
hour already and you have witnessed how the da ta  t h a t  you a r e  
going t o  analyze next have been genera ted ,  recorded, and 
edited.  You have seen a human p i l o t  engaged i n  a c o n t r o l  task,  
namely: c o n t r o l l i n g  the a t t i t u d e  of a space vehic le ;  you have 
watched, on a multi-channel d i sp lay ,  t h e  s i g n a l s  generated i n  
the experiment while they were being sampled and s t o r e d  i n  r e a l  
t i m e  i n  the d i g i t a l  computer's memory. Later you saw how t h e  
s i g n a l s  a s soc ia t ed  t o  a p a r t i c u l a r  event t ha t  happened t o  be of 
i n t e r e s t  were s l i c e d  off f r o m  the r e s t ,  l a b e l l e d ,  indexed, and 
s t o r e d  on magnetic t ape  f o r  f u t u r e  a n a l y s i s .  

Now the t i m e  has come t o  perform t h e  a n a l y s i s .  

The event  you a r e  i n t e r e s t e d  i n  s tudying i s  the change i n  the 
observed human p i l o t  descr ibing func t ions  a f t e r  t h e  con t ro l l ed -  

7 
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element dynamics have undergone a change. More p rec i se ly ,  t h e  
space veh ic l e  con t ro l  dynamics were suddenly changed, a t  time 
to + 8, form k/s t o  -2k/s . Consequently, you have s e l e c t e d  
f o r  ana lys i s  t h e  po r t ion  of t h e  s i g n a l s  recorded during t h e  
per iod to t o  to + 25.6 sees.  

2 2 

At t h i s  po in t  you s i t  i n  f ron t  of bo th  t h e  typewri te r  and t h e  
'scope. The ana lys i s  port ion of S igna l  Analyzer I i s  s t a r t e d .  
The f i r s t  th ing  you see  i s  a d i s p l a y  of a con t ro l  panel ,  l i k e  
t h e  one shown i n  Fig. 3. The purpose of t h i s  d i s p l a y  i s  t o  
present  t h e  fundamental parameters of the  a n a l y s i s  t o  be per- 
formed and t o  allow you to change these  parameters i f  you want 
to do s o .  

DATR 

b l o c k  o n  t a p e  20 
h C 5 e c 3  *l. 0000-01 

BODE PLOT 

W M I H  C r a d . + , e e I  +6.2$99-02 

N C f r q n c y  p n t r l  64 
o c t a t l e s  CHMbr of1 8 

m y s x s  

N l M a X  C5Mpl p N t S 1  60 

a n a X  CMlK d l y  p a t 3  1 
nO C i n t l  a n l y r  p a t )  so 

SI FILTER PaLS 

6 K CHMbr f l t r r 1  
-1.0000+00 
-2.0000*00 
-3.9999+00 

-1.6000~1 
-e.0000+00 

Figure 3 
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For example, to spec i fy  the  s e t  of s i g n a l s  to be analyzed you 
move, by typing u ( f o r  up) o r  d ( f o r  down) , t he  l i t t l e  arrow 
(appearing near  t h e  bottom of Fig.  3) u n t i l  i t  po in t s  t o  "block 
on tape . ' '  
t h e  des i r ed  s igna l s .  

Then you type i n  the  number of t he  block containing 

Once you a r e  s a t i s f i e d  with your choice of parameters, you f l i p  
a sense  switch and the  program continues and reads t h e  s p e c i f i e d  
b lock  from magnetic tape .  

When t h i s  i s  done, t h e  l a b e l  and indexing information of t h e  

block i s  typed out and t h e  s i g n a l s  corresponding to e r r o r ,  e ( t ) ,  
and p i l o t  output,  y ( t ) ,  i n  Fig. 1 a r e  displayed as func t ions  of  
t i m e  a s  i n  Figs. 4 and 5. 

I' 

Figure 4 

9 
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-. . 

Y' 

. .  . .. . ~ . . .... 

I l x i l  +2.000Q+oC, i n i t s  1'11 
x a x i s  +2.5600+00 i n i t s , , r a l  
t a p e  b l m c t  26 s e t  1 
p o i n t s  0 tm 256 
a =  0 

Figure 5 

While looking a t  Fig. 4 you n o t i c e  how t h e  e r r o r  i nc reases  
g r e a t l y  r i g h t  a f t e r  the change i n  the controlled-element dynamics. 
The l a r g e  s t i c k  movements t h e  human p i l o t  made while he was t r y -  
i ng  t o  cope with t h e  new ccntrolled-element dynamics a r e  evident  
i n  t h e  output s i g n a l  of Fig. 5. 
a r e  going t o  be analyzed, you may wish  t o  g o  back and r e s e t  some 
of t he  parameters t h a t  you t e n t a t i v e l y  assigned while you were 
looking a t  t h e  d i sp lay  of Fig. 3. For example, you may wish t o  
r e s e t  the i n i t i a l  p o i n t ,  no, and t h e  number of datum po in t s ,  
nsmax, ( t h e  length  of t h e  segment) t o  be analyzed s o  t h a t  you 
w i l l  have a d e s c r i p t i o n  of the  human p i l o t ' s  c h a r a c t e r i s t i c s  
r i g h t  before  t h e  con t ro l  change. To do s o  you f l i p  a switch 
( t h e  same for a l l  d i s p l a y s )  and you answer NO (by typ ing)  when 
the  computer asks E. 
wanted t o  be -- t h e  s e t  up d isp lay  i s  on t h e  osc i l loscope  -- 

Having seen t h e  s i g n a l s  t h a t  

This pu t s  you r i g h t  back where you 

10 
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and you make t h e  desired changes. 
l o n g  a s  necessary u n t i l  you a r e  s a t i s f i e d ,  a v a r i e t y  of ques t ions  
being asked and answered i n  the same way during t h e  in te rvening  
process .  

T h i s  p a t t e r n  i s  repeated a s  

Once you a r e  a l l  s e t  and answer yEs to t h a t  f i n a l = ,  the  compu- 
t a t i o r A  begins  and the  f i l t e r s  you c a l l e d  f o r  by spec i fy ing  t h e i r  

po les  are "irdplemented" ( t h e i r  impulse responses and t r a n s f e r  
func t ions  are  c a l c u l a t e d ) .  

Af te r  t h i s ,  t h e  computer asks LOOK FILTERS?, which means: do you 
want t o  s ee  if t h e  poles  you s p e c i f i e d  for t h e  a n a l y s i s  f i l t e r s  
produce the  frequency o r  time domain c h a r a c t e r i s t i c s  you thought 
they  would?. If your answer i s  yEs, f u r t h e r  quest ioning leads  
you to s p e c i f y  what c h a r a c t e r i s t i c s  (impulse response o r  f re-  
quency response) and which f i l t e r  you wish to see. 

S igna ls  are displayed i n  the t i m e  domain by a program c a l l e d  
Time Di sp lay  while t r a n s f e r  func t ions  a r e  displayed i n  the f re-  
quency domain by a program c a l l e d  Frequency Display. T ime  D i s -  
play a c t s  e s s e n t i a l l y  2s an osc i l loscope ,  allowing changes i n  
sweep ra te ,  v e r t i c a l  ga in  and number and s i z e  of g r i d  d iv i s ions .  
These changes a r e  e f f e c t e d  by f l i p p i n g  another  sense switch 
which causes t h e  appearance of a "control  panel" w i t h  which t h e  

changes are made. L e t  us suppose you wanted to look a t  the i m -  
pu lse  response of f i l t e r  3. T h i s  i s  what you would see: 
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y a x i s  +9.9999-03 i a i t y  g r i d  
x a x i s  +1.2800*0@ i a i t s : f i r i d  
t a p e  b l o c k  20 s e t  1 
p o i n t s  3 t o  128 
a = ii 

Figure 6 

The c o n t r o l  panel for t h i s  d i sp l ay  ( t h e  t tosc i l loscope"  s e t t i n g )  
looks l i k e  t h i s :  

n q  g r i d  d i i . i i 5 1 o n 5  io 
+ L.1, g r a  h 5 1 - e  10 
T - u n I ! 5....,9 r d +l. 2000+00 

+9.9999-03 
+9.9999-01 

y .( u n I t 5 . " 0  r I d 
y y a i n . u n I t 5/!1 ri I t 

Figure 7 

Freauency Display a c t s  e i t h e r  a s  a Bode p l o t t e r ,  when amplitude 
and phase information are to be presented,  o r  as a spectrum 

12 
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p l o t t e r ,  when only magnitude i s  to be presented.  L e t  u s  suppose 
you wanted to see  t h e  Bode p l o t  of the trq.nsfer func t ion  of fil- 

t e r  3 displayed on a semi-log graph w i t h  angular  frequency on 
the absc i s sa  and dec ibe l  amplitude r a t i o  and phase angle i n  de- 

grees on the ord ina te .  Th i s  i s  what you see: 

Figure 8 

Here, the s i z e  of t h e  g r i d  d iv i s ions ,  as wel l  as t h e  o r i g i n s  of 
the  ord ina tes ,  can be se t  up  by the u s e r  by means of the "con- 
trol panel' '  f a c i l i t y ,  but  o ther  parameters of the d i s p l a y  are 
b a s i c  to t h e  a n a l y s i s  to be c a r r i e d  out  and were s e t  f o r t h  i n  
t h e  d i sp lay  of Fig. 3. The "cont ro l  panel" f o r  t h i s  d i sp l ay  
i s  : 
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W. g r a  h s i z e  io 
d e c i  h e r s f g r i d  6 
Ha g .  t o  g r i d  +1.1999+01 

+ R n g .  b n f t w  g r i d  -1.7~39+02 

Figure 9 

Notice t h a t  t h e  s i g n a l  descr ip t ion ,  a s  w e l l  a s  o the r  charac te r -  
i s t i c s , a p p e a r  on t h e  display,  bu t  any a d d i t i o n a l  information 
you may care  t o  add can a l so  be made to appear anywhere on t h e  
sc reen  by means of the typewri ter ,  as it  was done with the addi- 
t i o n a l  " t i t l e "  information i n  Fig. 10. 

BODE PLOT. 
Fi I t e r  

Figure 10 

1 4  
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Once you a re  s a t i s f i e d  w i t h  your s e l e c t i o n  of f i l t e rs ,  t h e  
a n a l y s i s  r e a l l y  begins.  Upon s p e c i f i c a t i o n  of t he  i n i t i a l  s t a t e  
o f  t h e  f i l t e r s  ( t hey  may be zeroed o r  used i n  t h e  l a s t  s ta te  i n  
which they were l e f t ) ,  t h e  regress ion  c o e f f i c i e n t s  a r e  computed 
and typed out, along with the mean square r e s i d u a l  ( d i f f e r e n c e  
between model output and p i l o t  ou tpu t ) ,  t h e  corresponding power 
i n  t h e  p i l o t ' s  output s igna l ,  and t h e  est imated values  of t h e  
s tandard  devia t ions  of t h e  regress ion  c o e f f i c i e n t s .  This  i s  re- 
peated f o r  each value of the de lay  up to the  maximum value (amax 
i n  Fig. 3) t h a t  you spec i f ied .  
according to your needs and communicate i t  t o  t he  machine. 

After t h i s ,  you choose a delay 

This f i n i s h e s  t h e  a n a l y s i s  phase and i s  f o l l o w e d  by t h e  presenta-  
t i o n  of t h e  r e s u l t s ,  where you may choose any of t h e  p o s s i b i l i -  
t i e s  offered to you i n  t h e  d i sp lay  of Fig. 11 by poin t ing  (by 
typing u o r  d )  t he  arrow to t h e  des i r ed  r e s u l t .  Figs.  1 2  t o  17 
show examples of some of the poss ib l e  choices offered.  Resul ts  
can be examined i n  any order and as many times as des i red .  

T I M  DISRRY 
M o d e l  I t i p u l a e  R e s p .  
R e s i d u a l  
M I M I C  
E r r o r  
O u t p u t  4 

ZI. which z O 

FREOUENCY DISRRY 
B o d c  P l o t  

R e f i d u a l  
E r r o r  

POUER SPECTRR 

+ O u t p u t  

SI 2 A '  II d I I @ I I I  8 b a i i n  
Exi t  a l t o g e t h e r  

Figure 11 
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For example, you may wish t o  l o o k  a t  t h e  mimic output ( t h e  output 
of your model, as i n  Fig. 2) and compare i t  with the pilot's out- 
pu t .  So you poin t  t h e  arrow t o  Mimic, f l i p  the sense switch 

r? ! tq I c 

y a x i s  +2.0000*00 
x a x  I 5 +5.0000-01 
t a p e  b l n c t  20 s s t  
p o i n t s  30 t a  80 
a =  1 

Figure 1 2  

and then  f l i p  t h e  sense switch, move t h e  p o i n t e r  to Output, and 
f l i p  again.  

o u t p u t  

I' 

. .  , . . . .  -. 

4 11118  +2.oooo+W a i t t i / # r i d  
x a 1 1 1  *5.oooO-O1 i i i t s q r i 1  
t i y e  b l i i t  20 s i t  1 
F l i n t s  30 t i  80 
a =  0 

Figure 13 

16 
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I 

A s  you can see, the  model seems t o  be a good one. L e t  us t ake  
a look  a t  the r e s i d u a l  

R e s  I d u a  I 

I' 

Figure 14 

and its power spec t r a ,  as measured by the bank of filters you 
chose. 

Powsp e c t  r a 
Res I d u a  I 

Figure 15 
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F i n a l l y ,  l e t  u s  look a t  the  Bode p l o t  of the model, t ha t  i s ,  
the t r a n s f e r  func t ion  of the  se t  of f i l t e r s  w i t h  t h e i r  a s soc i -  
a t e d  ga ins  ( r eg res s ion  c o e f f i c i e n t s ) .  

Figure 16 

A s  you can see, t h e  phase a t  low f requencies  i s  nea r ly  180' 
while t h e  magnitude l e v e l  i s  11 db. R e m e m b e r  t h a t  the con- 
t rol led-element  dynamics was of the form k/s2 before  t h e  
t r a n s i t i o n  and -2k/s 2 right a f t e r  the  t r a n s i t i o n .  

I n  order  to continue w i t h  the  a n a l y s i s  you l eave  the presenta-  
t i o n  s t a g e  by poin t ing  the arrow t o  "Exit a l toge the r "  and 
s p e c i f y  (more ques t ions  a r e  asked) the new segment t o  be analy-  
zed, as w e l l  as o the r  changes you may wish to incorpora te  

L e t  us suppose tha t  you wan t  to look a t  p i l o t ' s  behavior 3 
s e c s  a f t e r  the t r a n s i t i o n ,  t h a t  i s ,  a t  to + 11 secs ;  and that  
t h e  l e n g t h  of the segment is aga in  5 secs, or 50 datum 
po in t s .  

18 



I 
Job No. 11126 

~~ 

B o l t  Beranek and Newman Inc 

After t h e  regress ion  c o e f f i c i e n t s ,  mean square e r r o r ,  e t c . ,  are 
typed out and the  delay chosen, you should be eager  t o  look a t  
the Bode p l o t  of the model and s e e  what has happened. Here i t  
i s :  

C c d e  P l o t  
f l a j -  24 

Figure 17  

Indeed, the p i l o t  has responded the way you would have expect- 
ed. Look a t  t he  phase a t  low f requencies :  i t  i s  now near  0 
degrees a s  it should be t o  compensate f o r  the p o l a r i t y  r e v e r s a l  
of the  controlled-element dynamics. And the magnitude has 
dropped too ,  although no t  qu i t e  the 6 db you would have pre-  
d i c t e d  by the  doubling of the g a i n  i n  the controlled-element 
dynamic s . 
Probably the p i l o t  has not  y e t  had t i m e  t o  adapt  himself com- 
p l e t e l y  to the new s i t u a t i o n ,  i n  which case,  subsequent p l o t s  
should show a decrease i n  amplitude r a t i o .  
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L e t  US go on then  and .......... 
A t  t h i s  po in t  you decide t h a t  you have had enough f o r  one day 
-- and s o  we conclude our "analog demonstration" of S igna l  
Analyzer I. 
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111. SYSTEM ORGANIZATION 

T h e  S igna l  Analyzer I system was w r i t t e n  i n  t h e  Decal-BBN 4 

programming language, which incorpora tes  a number of ALGOL-like 
f a c i l i t i e s  ( l i k e  Procedures, " f o r "  s ta tements ,  and "condi t ional"  
s ta tements )  and a powerful a lgebra ic  compiler t h a t  allows for 
subsc r ip t ed  va r i ab le s  and a r r ay  handling a s  w e l l  a s  a f a i r l y  
complete set  of f l o a t i n g  point subrout ines .  

The system's  organiza t ion  was l a r g e l y  d i c t a t e d  by t h e  s i z e s  and 
types of a v a i l a b l e  memories. 
which has two 4,000 word core-memory modules w i t h  a cyc le  t i m e  
of 5 microseconds, a magnetic d r u m  w i t h  a t o t a l  s to rage  capac i ty  
of twenty-two 4,000 word core-loads and w i t h  an average random 
access  t i m e  of 33 mill iseconds,  and two IBM compatible, mag- 
n e t i c  tape u n i t s .  

The BBN computer i s  a DEC-PDP-1 5 

T h e  system can be viewed as cons i s t ing  of Programs and Data; 
consequently, a f irst  a l l o c a t i o n  of memory space was made by 
ass igning  one core-memory module t o  each and a s  many drumfields  
as needed. T h i s  d i v i s i o n  was adopted mainly t o  s impl i fy  pro- 
gram w r i t i n g .  The da t a  a r e  organized i n  a r r a y s  of f l o a t i n g -  
po in t  numbers and addressed by subsc r ip t ed  va r i ab le s .  Arrays 
are  dec lared  and e x i s t  s o l e l y  on drumfields. When an  a r r a y  
is  needed, the whole drumfield containing the a r r a y  i s  loaded 
i n t o  the data core.  

21 
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Care must be exerc ised  i n  programming computations, s o  a s  to 
avoid using a r r a y s  i n  d i f f e r e n t  drumfields,  s i n c e  t h i s  could 
in t roduce  too many drumfield swaps which are inhe ren t ly  slow 
(33 mi l l i seconds) .  

The program s t r u c t u r e  i s  n a t u r a l l y  more complicated than  the 

data s t r u c t u r e .  Programs a re  organized i n  l e v e l s .  At the  
first, o r  lowest l e v e l ,  a r e  the  fundamental programs l i k e  F i l t e r ,  
Impulse Response, Transfer  Function, Covariance, Invers ion ,  e t c .  
They are w r i t t e n  i n  the form of ALGOL Procedures, and t h e  pro- 
cedura l  c a l l  must conta in  the parameters needed by the program. 
For example, a procedure l i k e  F i l t e r  must be supp l i ed  w i t h  such 
information a s :  what s i g n a l  i s  going t o  be f i l t e r e d ,  where to 
put  the f i l t e r e d  s i g n a l ,  t he  i n i t i a l  s t a t e  of t h e  f i l t e r ,  e t c . ,  
which c o n s t i t u t e  what could be c a l l e d  the v a r i a b l e s  of the com- 
pu ta t ion .  Other parameters, such as the sampling i n t e r v a l ,  the 
l o c a t i o n  of the f i l t e r ' s  poles,  e t c . ,  which a r e  cons tan t  through- 
out the a n a l y s i s ,  are not communicated by the  procedural  c a l l ,  
bu t  are  kept i n  pro tec ted  s torage  and a r e  a v a i l a b l e  to a l l  the  
programs without regard to t h e i r  l e v e l .  A s  can be r e a d i l y  seen, 
t h i s  s t r u c t u r e  i s  highly modular, al lowing incorpora t ion  of 
changes a t  the b a s i c  l e v e l  without u p s e t t i n g  the rest  of the 
system. 

The second-level programs perform most of the  l o g i c a l  func t ions  
of the system, handle t h e  procedural c a l l s ,  communicate with 

the  experimenter, r e a c t  to h i s  dec is ions .  A fundamental tool 
used by these second-level programs i s  a s e c r e t a r i a l  r o u t i n e  
c a l l e d  Fetch. Fetch i s  used t o  communicate procedural c a l l s  

22 
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ac ross  the  drum. When a procedure i s  c a l l e d  which i s  not  
p re sen t  i n  core,  Fetch i n t e r p r e t s  the arguments of t he  c a l l ,  
brings i n  the drumfield containing the c a l l e d  procedure, hands 
back the arguments, t r a n s f e r s  c o n t r o l  t o  the procedure, and 
remembers where the  c a l l  was or ig ina ted .  Upon completion of the 
procedure, which may encompass o the r  "Fetches ," the drumfield 
t h a t  was brought i n  i s  updated, the o r i g i n a l  drumfield i s  brought 
back and c o n t r o l  i s  t r ans fe r r ed  t o  cont inue  i n  sequence. 

F i n a l l y ,  the t h i r d - l e v e l  program, o r  Master rou t ine ,  s imply co- 
o rd ina te s  and c a l l s  the second-level programs. I n  Fig. 18 i s  a 
b lock  diagram t h a t  shows the  p r i n c i p a l  f e a t u r e s  of the  Master 
Program. The program i s  entered and a d i sp lay  is  presented 
t h a t  i s  used t o  s e l e c t  t h e  s igna l s  t o  be analyzed and the param- 
e t e r s  f o r  the a n a l y s i s  such a s  the a n a l y s i s  f i l t e r  poles ,  data 
t o  be analyzed, number of data po in t s  t o  be used, e t c .  A more 
detai led b lock  diagram of the  p a r t  of the system t h a t  performs 
this s e l e c t i o n  i s  i n  Fig. 19. The u s e r  i s  next gfven a choice 
of proceeding w i t h  t h e  ana lys i s  or viewing the s i g n a l s  and 
a n a l y s i s  f i l t e r  c h a r a c t e r i s t i c s .  I n  Fig. 20 i s  a diagram of 
the po r t ion  of the system t h a t  d i sp l ays  f i l t e r  c h a r a c t e r i s t i c s .  
The u s e r  next  i s  given a choice of i n i t i a l i z i n g  the f i l t e r s  t o  
res t  s ta te ,  or leaving them i n  the i r  present  state.  After the 
i n i t i a l i z a t i o n ,  the  regress ion  a n a l y s i s  i s  performed and a dis-  

play i s  posted on the computer scope which conta ins  a l i s t  of 
the r e s u l t s  a v a i l a b l e  f r o m  the program, for example, the  i m -  
pu l se  response and Bode p l o t s  of the system measured, and the 
power s p e c t r a  of the inpu t ,  output ,  and r e s i d u a l  s i g n a l s .  I n  
Fig. 21 i s  a block diagram of the  po r t ion .  of the system t h a t  

computes and displays the  des i red  r e s u l t s .  
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IV.  CONCLUSIONS 

# 
R 

We have used S igna l  Analyzer I f o r  the p a s t  f e w  months i n  our 
s t u d i e s  of human c o n t r o l l e r  c h a r a c t e r i s t i c s .  I n  some of these 
experiments the system was connected on-line t o  t h e  experiment 
and was used t o  record the s i g n a l s  from the t racking  experiment 
and t o  determine the c h a r a c t e r i s t i c s  o f  the c o n t r o l l e r  and of 
the s i g n a l s  immediately a f t e r  each experimental  run. I n  o t h e r  
experiments t h e  system was used t o  process data  i n  semi-pro- 
duc t ion  runs.  The on-line use of the  system, i n  p a r t i c u l a r ,  
proved t o  be very valuable .  The immediate a v a i l a b i l i t y  of ex- 
per imental  r e s u l t s  l e d  t o  considerable  saving of experimental  
time largely because i t  permitted us  t o  focus the  experiment on 
the i n t e r e s t i n g  condi t ions .  

The d i s p l a y  and c o n t r o l  f e a t u r e s  of t h e  system, which make man- 
computer communication easy and p leasant ,  have proven t o  be very 
worthwhile. Considerable e f f o r t  went i n t o  the  design of these 
features. The f a c t  that  the system i s  f lexible  and t h a t  i t s  
l o g i c a l  organiza t ion  allows the u s e r  t o  take  s h o r t  c u t s  a t  
every important dec is ion  node leads  t o  reasonable  e f f i c i e n c y  i n  
bulk  processing of da t a .  

O f  course,  as w i t h  any system of t h i s  kind, one sees a need f o r  
a number of improvements. These f a l l  i n t o  two main ca t egor i e s :  
a d d i t i o n  of more a n a l y s i s  f e a t u r e s  and provis ion  f o r  more f l e x -  
i b l e  da ta  s to rage  and r e t r i e v a l .  Hopefully, these w i l l  gradu- 
a l l y  be added t o  t h e  system i n  the f u t u r e .  
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